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Gastric	 colonization	 with	 Helicobacter	 pylori	 induces	 diverse	 human	 pathological	2	
conditions,	 including	 superficial	 gastritis,	 peptic	 ulcer	 disease,	 mucosa-associated	3	
lymphoid	tissue	(MALT)	lymphoma,	and	gastric	adenocarcinoma	and	its	precursors.	4	









human	 pluripotent	 stem	 cells,	 and	 the	 outcomes	 of	 H.	 pylori	 infection	 in	 these	14	
systems.	15	
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this	 continent.	However,	 recent	 studies	 suggest	 that	 gastric	 pathology	 is	 endemic	12	
where	H.	 pylori	 is	 endemic	 (Agha	 and	Graham,	 2005).	 They	 also	 suggest	 that	 the	13	
geographical	distribution	of	gastric	disease	and	its	predominant	form		relates	more	14	
to	 other	 co-factors,	 such	 as	 H.	 pylori	 virulence	 properties,	 food	 preservation	15	
methods,	diet,	and	host	genetics	(Graham	et	al,	2009;	Kodaman	et	al,	2014).		16	
One	 of	 the	 principal	 confounders	 of	 studies	 examining	 the	 impact	 of	 H.	 pylori	17	
infection	 on	 gastric	 health	 in	 diverse	 populations	 is	 the	 inequality	 of	 access	 to	18	
healthcare	systems	globally.	Diagnosing	Helicobacter	infection	relies	on	one	of	four	19	
tests:	endoscopy	with	biopsy;	13Carbon-hydrogen	breath	test;	fecal	antigen	testing;	20	






eradicate	 the	 infection	 using	 a	 combination	 of	 acid-suppressing	 medication	 and	2	
antibiotics.	 However,	 this	 strategy	 is	 becoming	 increasingly	 difficult	 to	 sustain	3	
because	of	the	emergence	of	antibiotic-resistant	H.	pylori	strains.	Moreover,	in	some	4	
clinical	 circumstances,	 H.	 pylori	 eradication	 is	 ineffective	 at	 preventing	 disease	5	









vivo	models	 derive	 from	mouse	 and	 human	 gastric	mucosa	 and	 from	pluripotent	15	
stem	 cells.	 It	 is	 particularly	 timely	 to	 review	 these	ex-vivo	models	 because	of	 the	16	
recent	 development	 of	 long-lived	 ex-vivo	 cultures	 of	 untransformed	 gastric	17	
epithelium	 (Barker	 et	 al,	 2010).	 These	 offer	 an	 important	 adjunct	 to	 the	 more	18	








of	 its	 low	partial	 oxygen	pressure.	H.	 pylori	 is	 a	Gram-negative,	 spiral	 rod-shaped	3	
bacterium	that	has	evolved	to	survive	in	this	environment.	Its	adaptations	to	these	4	
conditions	include	an	ability	to	tolerate	a	microaerophilic	environment	(see	Glossary,	5	
Box	 1),	 the	 expression	 of	 a	 urease	 enzyme	 that	 modulates	 the	 bacterial	6	
microenvironment	by	raising	pH,	and	flagellae	that	provide	motility,	allowing	H.	pylori	7	


















association	 of	 H.	 pylori	 with	 humans	 is	 longstanding,	 with	 phylogenetic	 studies	2	
suggesting	 that	 H.	 pylori	 strains	 have	 co-evolved	 with	 human	 populations	 since	3	







chronic	 active	 gastritis	 (see	 Glossary,	 Box	 1),	 peptic	 ulcer	 disease,	 gastric	11	
adenocarcinoma,	 and	 gastric	 extranodal	 marginal	 zone	 lymphoma	 of	 mucosa-12	
associated	 lymphoid	 tissue	 type	 (MALT	 lymphoma).	Of	 these	outcomes,	 the	most	13	
significant	 in	 terms	 of	mortality	 is	 gastric	 adenocarcinoma.	 Recent	meta-analyses	14	
suggest	that	the	relative	risk	of	developing	gastric	cancer	is	2	to	3	times	higher	for	15	
people	 infected	 with	 H.	 pylori	 than	 for	 those	 without	 infection	 (Danesh,	 1999;	16	









attempt	 to	 induce	 gastric	 pathology	 (Marshall	 et	 al,	 1985;	Morris	 and	Nicholson,	2	
1987;	Morris	et	al,	1991).	In	these	cases,	the	infected	individuals	reported	symptoms	3	
and	underwent	endoscopic	assessment	with	biopsy	of	the	inflamed	gastric	mucosa.	4	
The	 early	 stages	 of	 disease	 are	marked	 by	 the	 presence	 of	 a	 polymorphonuclear	5	




and	 led	 to	 the	 complete	 resolution	 of	 symptoms	 and	 of	 gastric	 histological	10	
abnormalities.	 In	 the	 case	 of	 Sobala	 et	 al,	 symptoms	 and	 signs	 resolved	11	
spontaneously,	 and	 repeat	 endoscopy	 demonstrated	 low	 levels	 of	 Helicobacter	12	
colonizing	the	gastric	antrum,	together	with	an	increase	in	lymphocytes	within	the	13	
gastric	 mucosa.	 These	 histological	 changes	 correlated	 with	 IgM	 and	 IgG	14	
seroconversion	 for	 H.	 pylori,	 which	 are	 typical	 for	 chronic,	 superficial	 H.	 pylori	15	










(Graham,	 1989),	 individuals	 presenting	with	 this	 disease	 are	 now	 less	 likely	 to	 be	1	
colonized	with	H.	pylori;	more	often,	their	condition	is	linked	to	non-steroidal	anti-2	
inflammatory	drug	use	or	to	low	dose	aspirin	(Musumba	et	al,	2012;	Sung	et	al,	2009).	3	
H.	 pylori	 induced	 peptic	 ulceration	 occurs	 in	 the	 context	 of	 pre-existing	 chronic	4	
superficial	gastritis,	but	 is	associated	with	 increased	gastric	acid	secretion	and	a	T	5	





















al,	 2009),	 H.	 pylori	 virulence	 factors	 (Yamaoka,	 2010),	 non-Helicobacter	 gastric	2	
microbiota	(Dicksved	et	al,	2009;	Lofgren	et	al,	2011)	and	smoking	status	(La	et	al,	3	
2009).	The	second	group	consists	of	unalterable	host	genetic,	or	intrinsic,	risk	factors.	4	
Amongst	 these	 genetic	 factors	 are	 polymorphisms	 at	 loci	 encoding	 cytokines	 and	5	




The	 development	 of	 gastric	 cancer	 occurs	 through	 a	 stereotypical	 pathological	10	
pathway	(Figure	3,	and	Glossary,	Box	1),	which	was	first	proposed	well	before	the	11	
identification	of	H.	pylori	 (Correa	et	al,	1975).	Over	the	course	of	several	decades,	12	
some	 individuals	 with	 chronic	 superficial	 gastritis	 develop	 gastric	 atrophy,	13	
characterized	by	the	patchy	loss	of	parietal	cells	in	the	gastric	corpus	mucosa.	This	14	
decreases	 gastric	 acid	 secretion,	 leading	 to	 higher	 intraluminal	 pH,	 decreased	15	
somatostatin	secretion,	and	consequent	gastrin	secretion.	In	addition	to	stimulating	16	
acid	secretion	from	parietal	cells,	gastrin	also	enhances	proliferation	 in	the	gastric	17	
epithelial	 stem	 cell	 zone	 (Burkitt	 et	 al,	 2009),	 leading	 to	 increased	 epithelial	 cell	18	
turnover.	19	
A	 proportion	 of	 people	 with	 established	 gastric	 atrophy	 develop	 intestinal	 type	20	
metaplasia	 (see	 Glossary,	 Box	 1)	 of	 the	 gastric	mucosa	 over	 time,	 where	 oxyntic	21	














pre-existing	 pre-neoplastic	 gastric	 pathology	 (defined	 as	 the	 presence	 of	 gastric	11	
atrophy,	intestinal	metaplasia,	or	dysplasia)	were	considered,	there	was	no	evidence	12	
that	eradication	of	H.	pylori	decreased	the	risk	of	gastric	cancer	(OR	0.86	[95%	CI	0.47	13	




(MALT	 lymphomas)	 	 are	 B-cell	 lymphomas	 that	 develop	 within	 the	 mucosa-18	






of	MALT	 lymphoma	were	 associated	with	H.	 pylori	 infection	 (Asenjo	 and	Gisbert,	1	
2007;	Gisbert	and	Calvet,	2011).		2	
As	with	other	hematological	malignancies,	 characteristic	 cytogenetic	profiles	have	3	
been	described	 for	MALT	 lymphoma.	Amongst	 the	most	well	 characterized	 is	 the	4	









Whilst	 infection	of	 the	gastric	mucosa	with	H.	pylori	 is	by	 far	 the	most	 frequently	14	
observed	 gastric	 infection	 in	 humans,	 non-H.	 pylori	 Helicobacter	 species	 (NHPH)	15	
infections	 of	 human	hosts	 have	been	 identified	 since	 at	 least	 the	mid-1990s.	 The	16	
identification	 of	 these	 organisms	 remains	 a	 challenge,	 and	 relies	 on	 molecular	17	
microbiological	techniques	that	are	not	routinely	available.		18	
Although	 NHPH	 infections	 	 are	 frequently	 	 reported	 to	 occur	 in	 association	 with	19	
gastritis,	 different	 studies	 have	 yielded	 conflicting	 results	 as	 to	 their	 significance	20	
(Flahou	et	al,	2013;	Liu	et	al,	2015).	Understanding	the	contribution	of	NHPH	species	21	
to	gastritis	is	further	complicated	by	the	occurrence	of	mixed	NHPH	infections,	by	the	22	
heterogeneity	 of	 NHPH	 strains,	 by	 the	 nomenclature	 of	 these	 species,	 and	 the	23	
	12	
	
inability	 to	 cultivate	many	of	 them.	 For	 example,	 long	 spiral-shaped	bacteria	 that	1	
were	first	recognized	as	microscopically	different	from	H.	pylori	were	recognized	in	2	
human	gastric	 biopsies	 and	named	Gastrospirillum	hominis	 (McNulty	 et	 al,	 1989).	3	
These	organisms	were	subsequently	reclassified	as	Helicobacter	heilmannii	based	on	4	
16S	RNA	analysis,	of	which	there	are	at	 least	two	strains	(Heilmann	and	Borchard,	5	
1991).	 Many	 species	 of	 spiral-shaped	 NHPHs	 have	 since	 been	 recognized	 in	 the	6	
stomachs	of	animals	(as	discussed	in	more	detail	below).		7	
The	 most	 robust	 data	 for	 the	 pathogenicity	 of	 NHPH	 involve	 MALT	 lymphoma	8	






and	Borchard,	1991).	These	observations	suggest	 that	NHPH	play	a	 role	 in	human	15	
disease	development,	and	might	 in	some	cases	be	as	pathogenic	as	H.	pylori.	The	16	















wide	 range	 of	 domesticated	 and	 wild	 vertebrate	 species	 (Schrenzel	 et	 al,	 2010).	7	
Spontaneous	gastric	 colonization	by	NHPH	has	also	been	demonstrated	 in	 several	8	
mammalian	species	(Table	1),	leading	to	speculation	that	all	mammals	harbor	one	or	9	
more	Helicobacter	species	as	part	of	their	natural	gastric	flora	(Brown	et	al,	2007).		10	
When	examining	 the	evidence	 for	NHPH-induced	gastric	 lesions	 in	animal	species,	11	
various	factors	need	to	considered,	such	as	differences	in	gastric	morphology,	and	in	12	
the	 distribution	 and	 site	 of	 gastric	Helicobacters	 among	 some	 animal	 species	 and	13	
humans.	 Furthermore,	 the	 sequential	 pathological	 lesions	 that	 lead	 to	14	
adenocarcinoma	formation	in	humans,	as	described	by	Correa’s	model	(see	Glossary,	15	
Box	 1),	 have	 rarely	 been	 established	 in	 clinical	 veterinary	 species	 (Amorim	 et	 al,	16	
2016),	in	which	gastric	cancer	is	rare.	Exceptions	to	this	include:	ferrets	colonized	by	17	
H.	 mustalae,	 which	 undergo	 a	 similar	 sequence	 of	 pathology	 that	 culminates	 in	18	
gastric	 adenocarcinoma	 formation	 (Fox	 et	 al,	 1990;	 Fox	 et	 al,	 1997);	 Mongolian	19	
gerbils	 infected	with	H.	pylori,	which	develop	some	specific	pre-neoplastic	 lesions,	20	










Despite	NHPHs,	 including	H.	felis,	being	commonly	 identified	 in	dogs	and	cats	and	7	
being	associated	with	gastritis	(Shiratori	et	al,	2016)	and	with	gastric	MALT	lymphoma	8	




infection	 has	 only	 been	 reported	 in	 cat	 colonies	 that	 live	 in	 proximity	 to	 humans	13	
(Canejo-Teixeira	et	al,	2014).	14	
In	 dogs,	 lymphoplasmacytic	 gastritis	 is	 commonly	 observed	 in	 association	 with	15	
NHPHs	 (Neiger	 and	 Simpson,	 2000).	 However,	 there	 is	 no	 evidence	 to	 link	16	


















Helicobacter-like	 DNA	 has	 also	 been	 isolated	 from	 the	 stomach	 of	 thoroughbred	11	
horses	 (Contreras	 et	 al,	 2007),	 although	 the	 role	 of	Helicobacter	 in	 gastritis	 and	12	
gastric	ulceration	 in	horses	 is	unclear.	Horses	possess	a	much	 larger	proportion	of	13	
non-glandular	squamous	mucosa	than	do	pigs,	which	constitutes	the	proximal	half	of	14	

















rhesus	 macaques	 in	 social	 housing	 rapidly	 acquire	 H.	 pylori	 from	 other	 infected	7	
individuals	 (Solnick	 et	 al,	 2003).	 Neonatal	 rhesus	 macaques	 are	 more	 commonly	8	
infected	with	H.	pylori	when	born	to	infected	mothers,	suggesting	that	close	contact	9	
in	the	peripartum	period	is	important	for	bacterial	transmission	(Solnick	et	al,	2003),	10	
potentially	 via	 an	 oral-oral	 route.	 (Solnick	 et	 al,	 2006).	 The	 induced	 pathology	 in	11	
rhesus	 macaques	 is	 also	 very	 similar	 to	 that	 observed	 in	 humans	 with	 H.	 pylori	12	
infection	(Haesebrouck	et	al,	2009).	However,	no	NHPH	species	have	been	uniquely	13	
associated	with	non-human	primate	gastric	colonization,	although	H.	suis	has	been	14	
demonstrated	 in	 captive	 mandrills	 (Papio	 sphinx),	 cynomolgus	 monkeys	 (Macaca	15	
fasicularis),	and	in	a	rhesus	macaque	(Macaca	mulatta)	from	a	zoo	(Haesebrouck	et	16	
al,	2009).	The	question	of	whether	these	NHPHs	are	implicated	in	the	development	17	
of	 gastritis	 in	 non-human	 primates	 remains	 unknown.	 More	 recently,	 a	 study	18	






naturally	 occurring	 Helicobacter	 associated	 with	 gastric	 carcinogenesis	 in	 a	 non-1	
human	primate.	2	
In-vivo	models	of	Helicobacter	induced	gastric	pathology	3	





















pathogen	 free	 (SPF)	animals	bought	 into	 the	animal	unit.	They	demonstrated	that	1	
animals	in	the	infected	colony	became	colonized	with	H.	pylori	passively	by	14	weeks	2	





More	 recently,	Mongolian	 gerbils	 have	been	used	 to	 investigate	host	 factors	 that	8	



















niche	 for	 colonization	 with	 other	 non-Helicobacter	 organisms,	 and	 if	 so	 does	 co-3	
infection	with	H.	pylori	help	or	hinder	this	process?	4	
The	 immediate	 host	 response	 to	 colonization	 with	 Helicobacter	 has	 also	 been	5	
modelled	 by	 the	 introduction	 of	 H.	 pylori-derived	 lipopolysaccharide	 into	 the	6	
stomachs	of	Sprague-Dawley	rats.	This	induced	an	inflammatory	cell	infiltrate	typified	7	
by	 lymphocyte	 infiltration,	 and	 increased	 gastric	 epithelial	 cell	 apoptosis	 over	 the	8	
course	 of	 four	 days.	 Rather	 than	 recapitulating	 the	 pathology	 observed	 in	 acute	9	
human	H.	pylori	 infection,	 the	pathological	description	of	 this	model	was	more	 in	10	
keeping	 with	 the	 pathology	 observed	 in	 people	 with	 chronic	 superficial	 gastritis	11	
(Slomiany	et	al,	1998).		12	
These	studies	have	remained	relatively	niche	areas	of	investigation,	and	to	date	have	13	
not	 been	 replicated	 by	 other	 groups.	 Significant	 research	 questions	 remain,	14	
particularly	regarding	the	initial	host	responses	to	H.	pylori	exposure.	15	
Models	of	gastric	ulceration	16	











Mongolian	 gerbils	 reportedly	 develop	 a	 wide	 spectrum	 of	 Helicobacter	 induced	3	
pathologies,	including	gastric	ulceration.	For	example,	Honda	et	al	reported	that	4	of	4	
5	gerbils	developed	gastric	ulceration	six	months	after	colonization	with	the	CagA-5	













this	study	contrasts	with	much	of	 the	 literature,	 it	might	reflect	how	factors	 in	an	19	
individual	 laboratory,	 in	 particular	 the	 baseline	 microbiota,	 can	 influence	 the	20	
outcome	of	infection	in	different	institutions.		21	
A	 more	 established	 method	 for	 investigating	 the	 effect	 of	 H.	 pylori	 on	 gastric	22	
ulceration	 has	 been	 to	 investigate	 the	 impact	 of	H.	 pylori	 infection	 on	 chemically	23	
	21	
	
induced	 gastric	 ulcers.	 For	 instance,	 rats	 administered	 acetic	 acid	 to	 the	 serosal	1	
surface	 of	 the	 stomach	 develop	 ulcers	 that	 heal	 over	 several	 weeks.	 Gastric	2	
colonization	with	both	CagA+	(ATCC	43504)	(Bui	et	al,	1991)	and	CagA-	(AH69)	(Li	et	3	









used	 in	 laboratories	across	 the	world.	Much	of	 the	original	work	 investigating	 the	13	
pathogenesis	of	Helicobacter-induced	gastric	cancer	was	performed	in	large	animals.		14	






8,	12,	18	and	24	weeks	after	 infection.	 From	8	weeks,	 chronic	 superficial	 gastritis	21	
developed,	with	progressive	changes	observed	in	the	gastric	mucin	composition,	in	22	
keeping	 with	 functional	 gastric	 atrophy.	 The	 authors	 interpreted	 this	 as	 the	23	
	22	
	
development	 of	 early	 pre-neoplastic	 pathology.	 The	 study	 also	 demonstrated	1	
progression	towards	atrophic	gastritis;	however,	it	is	not	possible	to	predict	whether	2	









al,	 1994).	 Rhesus	 macaques	 were	 observed	 over	 5	 years	 following	 H.	 pylori	12	
colonization,	 and	 gastroscopy	 was	 performed	 quarterly.	 Neither	 the	 continuous	13	
administration	 of	 ENNG	 in	 food	 ad-libitum,	 nor	H.	 pylori	 infection	 alone	 induced	14	
gastric	pre-neoplasia.	However,	the	administration	of	both	agents	together	induced	15	
intestinal	 type	 metaplasia	 after	 two	 years	 of	 treatment,	 and	 more	 advanced	16	
neoplasia,	 including	 high-grade	 dysplasia,	 in	 one	 animal	 after	 5	 years.	 This	 study	17	
demonstrates	synergy	between	ENNG	and	H.	pylori,	but	the	study	design	was	unable	18	











Helicobacter	 infection.	 Whilst	 the	 pathways	 observed	 in	 humans	 and	 gerbils	 are	5	
similar,	there	is	a	difference	during	the	metaplastic	phase	of	gastric	pre-neoplasia	in	6	
mice.	In	humans	and	gerbils,	the	commonest	metaplasia	is	intestinal	type	metaplasia.	7	
This	 is	 characterized	 by	 the	 presence	 of	 goblet	 cells	 and	 by	 the	 expression	 of	8	
appropriate	 intestinal	markers,	such	as	trefoil	 factor	3	(TFF3)	and	mucin	2	(MUC2)	9	
(Ectors	 and	 Dixon,	 1986),	 as	 well	 as	 by	 the	 intestinal	 differentiation	 regulating	10	
transcription	factor	CDX2	(Barros	et	al,	2011;	Silberg	et	al,	2002).	11	
Another	 metaplastic	 lesion,	 defined	 as	 spasmolytic	 polypeptide	 expressing	12	
metaplasia	(SPEM),	is	less	frequently	identified	in	people	with	gastric	pre-neoplasia.	13	
It	 is	characterized	by	a	phenotype	similar	 to	 the	secreting	Brunner’s	glands	of	 the	14	
intestine,	or	to	deep	antral	gland	cells	that	express	Muc6	and	trefoil	factor	2	(TFF2,	15	
or	spasmolytic	polypeptide)	(Weis	and	Goldenring,	2009).	In	gerbils,	the	distribution	16	
of	 these	 lesions	 is	 similar	 to	 that	 observed	 in	 humans	 (Yoshizawa	 et	 al,	 2007),	17	










al,	 1998)	 reported	 that	 5	 out	 of	 5	 gerbils	 infected	with	 the	CagA+	H.	 pylori	 strain	3	
TN2GF4	in	a	standard	animal	house	environment	for	52	weeks	developed	intestinal	4	
metaplasia,	 although	 10	 of	 27	 gerbils	 infected	 for	 62	 weeks	 developed	 invasive	5	
adenocarcinomas.	In	contrast,	(Elfvin	et	al,	2005)	studied	gerbils	that	were	colonized	6	










challenges	of	 comparing	 in-vivo	 studies	performed	 in	different	environments,	 and	17	










and	 that	H.	bizzozeronii	 and	H.	 salomonis	 (De	Bock	 et	al,	 2006b)	are	 less	 likely	 to	3	
induce	 gastric	 pre-neoplasia	 in	 this	 species.	 In	 addition,	 several	 studies	 have	4	
identified	 that,	as	 in	human	epidemiological	 studies	 (Wang	 et	al,	 2009),	 	high-salt	5	
diets	promote	the	development	of	H.	pylori	induced	gastric	pre-neoplastic	pathology	6	
in	gerbils	(Bergin	et	al,	2003;	Kato	et	al,	2006;	Nozaki	et	al,	2002).	7	
The	 Mongolian	 gerbil	 has	 also	 been	 used	 to	 adapt	 H.	 pylori	 strains	 to	 a	 rodent	8	
environment.	 This	 has	been	demonstrated	best	 by	 the	passage	of	H.	pylori	 B128,	9	
derived	from	a	patient	with	gastric	ulceration,	through	a	male	gerbil	for	3	weeks.	H.	10	
pylori	was	subsequently	re-cultured	from	this	animal’s	stomach	and	described	as	H.	11	
pylori	strain	7.13,	which	 is	more	pathogenic	 than	strain	B128.	 	Six	of	eight	gerbils	12	
infected	 with	 H.	 pylori	 7.13	 developed	 gastric	 adenocarcinoma	 8	 weeks	 after	13	
inoculation,	in	comparison	to	none	in	the	B128	group	(Franco	et	al,	2005).	The	same	14	




The	 laboratory	mouse	 is	 the	 other	 rodent	 used	 extensively	 to	model	 gastric	 pre-19	
neoplasia.	 H.	 pylori	 colonization	 of	 C57BL/6	 inbred	 mice	 leads	 to	 gastritis	 with	20	
epithelial	cell	hyperplasia,	but	this	does	not	progress	to	dysplasia	or	to	cancer	(Lee	et	21	




months,	 adenocarcinomas	 have	 been	 reported	 (Fox	 et	 al,	 2002).	 This	 outcome	 is	1	
specific	to	the	C57BL/6	genetic	background.	2	
	Other	 strains	 of	 in-bred	 mouse,	 including	 Balb/c,	 respond	 differently	 to	 H.	 felis	3	
infection	.	This	strain	can	be	substantially	colonized	by	H.	felis,	but	does	not	develop	4	
gastric	 pre-neoplastic	 pathology	 (Wang	 et	 al,	 1998).	 The	 mechanisms	 underlying	5	
these	differences	between	mouse	strains	are	attributable	to	differences	in	immune	6	
response.	 C57BL/6	 mice	 demonstrate	 a	 Th1	 polarized	 immune	 response,	 whilst	7	
Balb/c	mice	have	a	more	Th2	polarized	response	to	H.	felis	colonization,	which	allows	8	
infection	to	persist	but	does	not	promote	chronic	epithelial	disruption	(Wang	et	al,	9	
1998).	 The	 B6129	 mouse,	 generated	 by	 crossing	 C57BL/6	 with	 129S6/SvEv,	 is	10	
particularly	sensitive	to	Helicobacter	induced	pathology	triggered	by	H.	felis.	In	these	11	
mice,	gastric	 intraepithelial	neoplasia	developed	8	months	after	H.	pylori	 infection	12	




H.	 pylori.	 These	 include	 mice	 and	 Mongolian	 gerbils	 infected	 with	 H.	 pylori	 and	17	
treated	with	N-methyl-N-nitrosourea,	(MNU),	and	Mongolian	gerbils	infected	with	H.	18	
pylori	and	treated	with	methylnitronitrosoguanidine	(MNNG).	In	Mongolian	gerbils,	19	
the	 co-administration	 of	 H.	 pylori	 with	 the	 carcinogen	 MNNG	 	 accelerated	 the	20	
carcinogenic	process,	leading	to	invasive	cancer	in	60–80%	of	animals	treated	for	1	21	









include	 the	 induction	 of	 spontaneous	 gastric	 atrophy,	 the	 expression	 of	H.	 pylori	6	
pathogenicity	 factors,	 and	 the	 overexpression	 of	 known	 oncogenes	 in	 the	 gastric	7	
mucosa.	 Transgenic	 animals	 have	 also	 been	 	 used	 to	 explore	 the	 role	 of	 specific	8	
molecular	 pathways	 that	 potentially	modulate	 gastric	 carcinogenesis.	 A	 complete	9	












develop	 spontaneous	 gastric	 cancers	 (Wang	 et	 al,	 2000).	 Helicobacter	 infection	22	




2000).	 Similarly,	 when	 INS-Gas	 mice	 are	 infected	 with	 H.	 pylori,	 they	 exhibit	2	
significantly	more	severe	gastric	 inflammation	and	dysplasia	relative	to	uninfected	3	
controls.	 Interestingly,	 INS-Gas	 males	 are	 more	 severely	 affected	 by	 H.	 pylori	4	
infection	than	are	female	mice,	for	reasons	unknown,	and	in	the	same	study,	mice	5	









2014),	 and	 that	 co-infection	 with	 the	 intestinal	 roundworm	 Heligmosomoides	15	




The	 CEA/SV40	 T	 L5496	 mouse	 expresses	 the	 SV40	 T	 proto-oncogene	 under	 the	20	




animals	 becoming	 moribund	 due	 to	 gastric	 tumor	 burden	 by	 100	 -130	 days	1	
postnatally	(Thompson	et	al,	2000).		2	
Mice	 transgenically	 deficient	 for	mutT	 homolog-1	 (MTH1)	 are	 unable	 to	 process	3	





mucosa	 is	markedly	 altered	 from	birth.	 By	 five	months	 of	 age,	 all	TFF1	 null	mice	9	
exhibit	 adenomatous	 changes	 in	 the	 gastric	 mucosa,	 and	 30%	 have	 established	10	
adenocarcinomas	(Lefebvre	et	al,	1996).		11	
The	 C57BL/6J-tg(H/K_ATPase/hIL-1b)	 mouse	 overexpresses	 human	 interleukin	 1B	12	
(IL1B)	 under	 the	 control	 of	 the	 H+/K+	 ATPase	 	 β-subunit	 promoter,	 leading	 to	13	
expression	of	human	 IL1-b	exclusively	 in	parietal	cells.	 In	 this	model,	15%	of	male	14	
mice	 develop	 spontaneous	 tumors	 at	 14	 months	 of	 age,	 and	 disease	 severity	 is	15	
markedly	increased	by	infection	with	H.	felis	(Tu	et	al,	2008).		16	




exhibit	 the	 classical	 pre-neoplastic	 pathology	 induced	by	Helicobacter	 infection,	 it	21	
may	have	relevance	to	H.	pylori	mediated	disease	as	CagA	status	has	been	shown	to	22	




and	 Janus	 kinase	 (JAK)	 /	 Signal	 Transducer	 and	 Activator	 of	 Transcription	 (STAT)	2	
signaling	 cascades	 in-vitro	 (Lee	 et	 al,	 2010).	 Signalling	 through	 these	mechanisms	3	
influences	 a	 number	 of	 cellular	 processes	 that	 are	 altered	 in	 cancer,	 including	4	
regulation	 of	 cell	 proliferation	 and	 apoptosis,	 invasion	 and	 angiogenesis,	 and	5	
disruption	 of	 these	 pathways,	 either	 by	 direct	 mutagenesis,	 or	 through	 other	6	
mechanisms,	 have	 been	 identified	 in	 many	 different	 tumour	 types	 (Zhang	 et	 al,	7	
2015).	8	
Transgenic	expression	of	the	H.	pylori	virulence	factor	CagA	is	oncogenic	to	the	gastric	9	












induced	MALT	 lymphomas	 have	 not	 been	 reported	 in	 commonly	 used	 laboratory	22	
species.	 Consequently,	 in	 some	 cases,	 only	 one	 research	 group	 	 has	 assessed	 the	23	
	31	
	
models	 described	 below,	 and	 substantial	 gaps	 remain	 in	 our	 knowledge	 of	 the	1	
mechanisms	involved	in	H.	pylori	induced	gastric	MALT	lymphoma	formation.		2	
Within	these	studies,	there	is	also	heterogeneity	in	the	criteria	used	to	report	MALT	3	
lymphoma	 formation.	 Most	 studies	 describe	 lymphoepithelial	 lesions	 as	 a	4	
pathognomic	event,	signifying	the	initiation	of	lymphomagenesis.	Other	studies	used	5	
evidence	 of	 monoclonal	 lymphoid	 aggregate	 formation	 as	 a	 surrogate	 for	 the	6	
development	of	MALT	lymphoma.	7	
Experimental	induction	of	MALT	lymphoma	by	H.	pylori	was	reported	in	a	single	study	8	
of	 conventionally	 housed	 Beagle	 dogs.	 This	 study	 described	 the	 formation	 of	9	
monoclonal	lymphoid	aggregates	in	the	gastric	mucosa	of	dogs	infected	with	H.	pylori	10	





not	 possible	 to	 conclude	 whether	 the	 observed	 phenotype	 was	 due	 to	H.	 pylori	16	
infection	in	isolation	or	to	a	synergy	between	H.	pylori	and	other	gastric	Helicobacter	17	
species.	18	










been	 independently	 replicated,	 and	 in	 the	 same	 study,	 a	 variety	 of	H.	 heilmannii	4	
strains	isolated	from	various	sources,	including	mandrill	monkeys	and	bobcats,	also	5	
induced	gastric	MALT	lymphomas	over	a	similar	timescale	(O'Rourke	et	al,	2004).		6	
A	 commonly	 used	 model	 of	 gastric	 carcinogenesis	 is	 the	 long	 term	 infection	 of	7	
C57BL/6	mice	with	H.	felis;	however,	these	mice	have	not	been	reported	to	develop	8	
gastric	 MALT	 lymphoma	 formation.	 They	 do,	 nevertheless,	 develop	 gastric	9	
lymphoepithelial	 lesions	and	 low-grade	MALT	 lymphomas	when	colonized	 for	one	10	
year	 with	 a	 candidatus	H.	 heilmanii	 isolated	 from	 the	 stomach	 of	 a	 cynomolgus	11	
monkey	 (Nakamura	 et	 al,	 2007).	More	 recently,	we	have	demonstrated	 that	 50%	12	
(3/6)	 of	 C57BL/6	 mice	 lacking	 the	 c-Rel	 NF-κB	 subunit	 developed	 early	13	
lymphoepithelial	 lesions	when	colonized	with	H.	 felis	 for	12	months	 (Burkitt	et	al,	14	
2013).	 This	 pathology	 has	 not	 previously	 been	 reported	 in	 the	 C57BL/6	 /	H.	 felis	15	
model.	This	suggests	that	signaling	through	the	c-Rel	NF-κB	subunit	could	influence	16	
the	regulation	of	gastric	MALT	lymphoma	formation.	17	
Overall,	 these	 data	 support	 the	 hypothesis	 that	 NHPH	 play	 a	 specific	 role	 in	 the	18	
development	of	MALT	lymphoma,	and	since	several	of	the	typical	H.	pylori	virulence	19	









gastric	 pathology	 have	 relied	 on	 in-vivo	 models.	 Many	 of	 these	 models	 require	5	





tissue-specific	 transgenesis.	 However,	 these	 systems	 remain	 highly	 complex,	 and	11	



















stem	 cells	 (Barker	 et	 al,	 2010;	 Barker	 et	 al,	 2007).	 The	 identification	 of	 this	WNT	7	
signaling	family	member	as	a	key	marker	of	gastrointestinal	stem	cells	led	rapidly	to	8	
the	 development	 of	 primary	 culture	 systems	 that	 support	 these	 cells	 primarily	9	
through	the	optimization	of	WNT	signaling.	Since	these	discoveries,	several	groups	10	











factor	 10	 (FGF10)	 are	 added	 as	 gastroid-specific	 growth	 factors.	During	 the	 initial	22	





Subsequent	 protocols	 have	 established	 similar	 methods	 for	 the	 establishment	 of	3	
murine	 gastric	 organoid	 cultures	 from	 both	 antrum	 and	 corpus	 using	 non-4	
enzymatically	dissociated	gastric	glands	as	starting	material	(Mahe	et	al,	2013),	and	5	
for	organoids	based	on	gastric	tissue	samples	taken	at	the	time	of	gastric	resection	6	





during	 an	 endoscopic	 examination	 of	 the	 stomach,	 rather	 than	 requiring	 samples	12	




cultures	 more	 proliferative	 and	 less	 likely	 to	 differentiate	 than	 gastric	 organoids	17	
established	using	recombinant	growth	factors.	18	
Most	reports	of	gastrointestinal	organoid	culture	systems	to	date	have	retained	the	19	
3D	 structure	 of	 organoids.	 However,	 an	 increasing	 number	 of	 studies	 use	 3D	20	
organoids	 as	 the	 source	 material	 to	 generate	 epithelial	 monolayers	 on	 collagen-21	













Both	 antral-	 and	 corpus-type	 gastric	 organoids	 generated	 from	 such	 cultures	 are	11	
similar	 to	 their	 originating	 tissues,	 as	 shown	 by	 microarray	 and	 by	 gene	 set	12	
enrichment	 analyses	 (McCracken	 et	 al,	 2014).	 Morphologically,	 antral	 gland	 type	13	
organoids	also	contain	identifiable	epithelial	and	endocrine	cell	types.	Corpus	type	14	













a	 hummingbird	 morphology	 (Schlaermann	 et	 al,	 2016).	 This	 response	 was	 CagA	5	
dependent	 and	 appears	 to	 be	 analogous	 to	 the	 SHP2	 mediated	 hummingbird	6	
morphology	previously	described	in	gastric	cancer	cell	lines	(Higashi	et	al,	2002).	This	7	
change	 in	 morphology	 was	 associated	 with	 the	 activation	 of	 the	 classical	 NF-κB	8	
signaling	 pathway;	 this	 pathway	 is	 also	 implicated	 in	 the	 response	 of	 3D	 gastric	9	
organoids	 to	H.	pylori	microinjection	 (Schlaermann	 et	 al,	 2016;	 Schumacher	 et	 al,	10	
2015).	 In	 gastric	 cancer	 cell	 lines,	 this	 morphology	 is	 associated	 with	 a	 more	11	



























H.	 pylori.	 However,	 future	 studies	 will	 need	 to	 develop	 models	 that	 mimic	 the	14	
development	 of	 other	 gastric	 epithelial	 pathologies	 in	 culture.	 In	 particular,	 the	15	
development	of	3D	models	of	gastric	atrophy	and	metaplasia	will	allow	researchers	16	












































pre-neoplasia,	 and	 highlighting	 endogenous	 risk	 factors	 for	 progression	 towards	6	
gastric	cancer.	SPEM:	Spasmolytic	polypeptide	expressing	metaplasia.	7	
Figure	4:	Modeling	the	pathological	outcomes	of	Helicobacter	infection	8	
















































































































































Microaerophilic:	 A	 term	 that	 describes	 a	 bacterium	 adapted	 to	 survive	 in	 an	6	
environment	with	reduced	partial	oxygen	pressure.	7	
Organoid:	 A	 primary	 epithelial	 cell	 culture	 that	 contains	 healthy,	 proliferating	8	




a	 proliferative	 stem	 cell	 zone	 towards	 the	 upper	 third	 of	 the	 gland.	 Asymmetric	13	
proliferation	in	this	region	generates	daughter	cells	that	migrate	both	up	and	down	14	
the	 gland	 and	 	 differentiate	 into	 mucus	 neck	 cells,	 parietal	 cells,	 chief	 cells	 and	15	
enteroendocrine	cells.	16	
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